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Nomenclature 

SYmbOls 

a 

b 

c 

h 

k 

kl 
1 

n 

P 

A 

C 

E 

H 

L 

N 

Subscripts 

1 

2 

a 

Description 

radius of heat channel 

half width of the contour area 

radius of contact spot 

contact conductance 

t h e m 1  conductivity 

material constant 

length i n  direction of no waviness 

contact spots 

apparent pressure 

t o t a l  area 

CQltpliance 

Modulua of Elast ic i ty  

Microhardness 

Wave pitch 

Total number of contact spots 

Total Load 

Contact resestance 

Load per un i t  length of contour contact 

Surface 1 

Surface 2 

Apparent 

Unit 

in. 

in. 

- 

in. 

m/m-FT2 

BTU/HR-F'I-'F 

l/PSi 

in. 

no/in 2 

psi  

in. 2 

in. 

psi. 

psi. 

in .  

no . 
lb. 

O F m m  

lb/in. 
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Contour 

Real 

Roughness Component 

Waviness Component 

U 

t3 

Ratio of real to contour area 

Ratio of contour to apparent area 

Ratio of real to apparent area 

Root mean square roughness 

Root man square slope 



Introduction 

Contact Area of Waw and Rounh Surfaces 

H e a t  transfer i n  a vacuum takes place through t h e  area of r e a l  

contact bstueen two surfaces. It  is therefore most urgent t o  obtain 

a lbans of determining the real area of contact. 

only the contact area between e las t ica l ly  deformed bodies having a 

Until recently 

curvilinear shape has been considered. But these formulae do not take 

into account the surface roughness which strongly influences the 

real area of contact. 

Bowden and Tabor (1) i n  t h e i r  investigations on the r ea l  area of 

contact proposed the folloving simple formula 
P 

where p is the apparent pressure, H the microhardness, 

value of the real area of contact for conditions of f u l l  p las t ic i ty  

This gives the 

without considering the roughness or the waviness, 

has been used by Holm (2) for the determination of electrical contacts. 

The same equation 

Archand (3) i n  his work determined the real contact area by 

assuming the asperities t o  be spherical and that the deformation w a s  

purely elas tic. 

The work done by Dyson and Hirst (4) led t o  the conclusion that 

e l a s t i c  deformation of the surface layer plays an important role  i n  

the determination of the real contact area. 

We have assumed that the real area of contact can be determined 



by the assumption that the deformation of the asperities is plas t ic  

and e l a s t i c  w h i l e  the waviness deforms elast ical ly .  

be spherical, cylindrical  or of no periodic character. 

The waviness can 

The  real surface of a solid body is both rough a d  wavy. The 

roughness of a surface is due to i r regular i t ies  i n  the surfacs which 

result from the inherent action of the production process. 

deemed to  include traverse feed marks and the i r regular i t ies  within 

them. 

to-4000 x lo4 inches f o r  the very rough surfaces. 

h s e  are 

Roughness can range from 5 x inches fo r  very smooth surfaces 

Waviness is that component of the surface upon which roughness 

i s  superimposed. 

or work deflections, vibrations, chatter, heat treatment or warping 

strains. The length of these waves, depending on quite a number of 

conditions, varies from -04 to 1600 x lo-' inches. 

Waviness may result from such factors as =chine 

Each pattern is characterized by the principal direction (or 

lay)  of the predominant surface pattern, by the separation or  spacing 

or its principal crests,  by i t s  height normal t o  the  surface (which 

is generally expressed as a root mean square of i t e  height) and by the 

shape of the irregularities seen i n  cross section. 
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Theoretical Work 

'RMTJ description of the  contact  arc. can be reduced to  the 

folloving types: 

1 )  Apparent or geOBstrica1 area of contact A. which is determined 

tho mrall dinsnsionsbof the contacting bodiea. 

2) Contour area of contact Ac which is the area formed by the 

bulk compression of the waves. 

compressing load. 

The contour area depends upon the 

3)  Real area of contact A, which is the sum of the small  actual 

aretas of contact. The real area is a function of the loading. 

In same cases the  area of contact i a  more conveniently expressed 

through dimensionless values, e.g. 

for the rela t i ve  

since Ac = Aa, 

i 
f o r  the re la t ive  

for  the re la t ive  

can be seen that 

ama of contact with roughness but without waviness, 

C 
A 

a 

area of contact with waviness but without roughness, and 

area of contact with both roughness and waviness. It 
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Uhen two surfaces are brmght together, they w i l l  touch i n  a t  least 

three points. As the load I s  increased, separate contacting irregu- 

larities are  brought together; through them the applied load i a  

canrmunicated t o  the wavy region causing compression of these waves. 

Mer the influence of the applied load the two surfaces approach 

each other (the compliance increases due to  loading) a d  mora a a p f l t i e s  

come in to  contact. 

is extended. 

loyer than i n  the peaks, are deformed e l a s t i ca l ly  while par t  (only 

those pressed to a high degree) a re  d e f o d  plastically.  

A t  the same time, the area of the mve deformtion 

Ths waves, i n  which the s t ra in  i s  always considerably 

When the load i s  removed, the e las t ica l ly  deformed region w i l l  

recover and break both the e l a s t i c  and plas t ic  microareas of contact. 

Howewer, par t  of the plastically deformed asperi t ies  w i l l  remain 

i n  contact. 

When waviness is present, the real arm of contact i s  sharply 

decreased re la t ive  t o  surfaces which are  only rough. The growth of the r e a l  

area of contact i s  a function of the height of the asperi t ies ,  t he i r  

geometrical form and theiT mechanical properties, of which the 

most important are the e l a s t i c  modulus, the yield point and the char- 

ac t e r i s t i c s  of amterial work-hardening. 

As has been shown by experiments, the growth of the number of 

contacting spots i s  much greater than the area growth of one spot. 

For conditions of e l a s t i c  deformation when cylindrical waviness is 

available, the area of contact o f  one spot is  s l igh t ly  dependent upon 

the load. This can be shown i n  the following way. 
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I 

me roughness or contact spots are as@ t o  be spherical while 

the waviness or contour spots are cylindrical. 

From elastic theory ( 6 ) ,  the area of contact can be determined by 

wb.ro U is the load per unit length of contact. 

curvature and l i s  the surface length i n  the direction of no waviness. 

If the contact spots are distributed u n i f o d y  over the contour 

area, 1.e. the number of contact spots per unit contour are8 is nc, 

R is the radius of 

correspondingly, the load per one spot will be 

W 1  w 1  W 

The area of o m  contact spot from elastic theory (6) w i l l  be 

The area of contact of one spot is therefore s l igh t ly  dependent on 

the load and greatly dependent upon the number of contact spots. 

We therefore assume that the growth of the contact area is mainly 

due to  the  increase i n  the number of asperities and neglect changes 

i n  the radius of the wntac t  spot. 

If a sufficiently small region of the surface is considered 

or if the radius of curvature of tb waviness is suff ic ient ly  large, 

then the roughness can be determined by the methods proposed by 

Fenech and Henry (5 ) ’ .  

The re la t ive  contact area is independent of the surface s i ze  and 

I 
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therefore the real contact i n  one contaur having the  are8 Ac is 

equal t o  E, - Ac. Correspondingly, the t o t a l  area of contact Ar 

w i l l  he equal to the real con+act area i n  one profile m l t i p l i e d  

by the number of contuurs Nc found i n  the apparent area, 

a 

It is obvious that f o r  cylindrical waviness 

where L is the wave pitch and 1 is the surface s i ze  i n  the direction 

of no waviness. The real area of contact can be written 

If one considers: t h a t  

A r 5‘=q 9 

then 

When cylinders wi th  para l le l  axes are brought i n  contact, the surface 

of contact i s  a narrow rectangle. 

gives f o r  t h e  half width the  expression 

The investigation (6) of loca l  deforration 

b =  

i n  which €$ and 5 are  the radi i  of the cylinders, W is the load per 

unit length of the surface of contact and kl and k2 are  constants 

defined by 



If both cylinders are of the same material and # =  0.30, then 

b = 1.521 ~~ 

For the  case of two equal radii ,  R1 = F$ = R, 

E 

The contour area of contact for identical  wavy surfaces can be expressed 

as 

A = Nc 2.b 1 (17) 
C 

where Nc is the  total numbeJr of waves and 1 the surface length i n  

the direction of no waviness. 

The apparent a m  of contact can be expressed as 

Aa = Nc L 1 (18) 

where L is the distance between waves. The real area of contact can 

be written a s  

(19) A = n A c r c  2 
r 

where n is the number of contact spots per un i t  area a s  determined ty 

graphical means or by s t a t i s t i ca l  methods i f  the asperi t ies  are  

randomly distributed over the surface. 

r 2 
A 

- - = n a c  

C 

Aa Nc L 1 L 
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By assuming that t h e  roughness is deformed plast ical ly  the following 

relationship is found 

Rounhness Coefficient of Heat Transfer i n  the Presence of Waviness 

The solution f o r  the conetriction resistance of an isothermal 

c i rcular  area of radius c on tb surface of a semi-infinite body of 

width a, i .e.  cc(a  was given by Holm (2) as 

1 
R =  

4 c-k 

where k is the thermal conductivity of the material. For tW semi- 

i n f i n i t e  bodies having the same material properties, the contact 

resistance becomes 

1 
R -  

2 - c  k 

If both members were identical  and had equal constrictions, 

then the contact area would be isothermal due t o  synunetry. 

The t o t a l  resistance for N contact spots can be approximated by 

( 1 - 1.04 ) 1 R =  a 
2 N c k  

The conductance can be expressed a s  

1 - 1.64 €, 1 

(25) 
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waviness Coefficient of Heat Transfer 
According to Holm the resistance for an e l l ip t i c  contact can be 

expresed by determining the resistance for a circular contact and then 

modifying the results by a form factor. 

2 k - -  :. hw - 
1, 1 f (b/l) 

Total conductance for wavy and rough surfaces i n  a vacuum en- 

vironment can be written as 

+ A- - 
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Experimental Determination of Contact Conductance 
e 

Description of Auueratus 

The experimental apparatus is sham i n  f igure 1 and consists 

of a structure fo r  support and loading, the test cbnmber, a vacuum 

system and en i m t r u m n t  console. 

The physical load is obtained by mans of the lever system 

which provides deed weight loading to the test section. 

weight loading is independent of thermal strains result ing when 

the test section is  heated. The actual  load on the test  specimens 

is measured d i rec t ly  by a strain gauge dynamometer. 

Dead 

. 

When t h e  tests are run i n  a vacuum, the minimum load is 

103 pounds (or 131 psi  i n  t h e  one-inch diameter test section) due 

to the atmospheric pressure acting across the 3-inch diameter 

bellows through which the loading system is attached t o  the vacuum 

chamber. 

An assembly drawing of the test  section and chamber i s  shown i n  

figure 2. 

plate  and upper cylinder, a baseplate whikh is bolted to the support 

structure and t o  which is attached the vacuum system, and a lower 

flanged cylinder bolted t o  the upper cylinder and baseplate. 

The chamber it5 8 vacuum enclosure consisting of a top 

The test section (see figure 2 ) consists of, from top t o  

bottom: 

chosen t o  have conductivities appropriate fo r  the test being con- 

ducted, the upper heater (7), the upper heat meter ( 8 ) ,  the two 

test specimens (9, 10) the lower hea t  meter (15), t h e  lower 

heater (1b) and insulating spacer (17), the dynamometer (la), and the 

the upper cooler (part ti),  spacers ( 5  and 6) of materials 
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lower cooler (19) 

Some flow of water i s  maintained i n  a l l  coolers during testing 

i n  order to protect the top and base plates. The heating elements 

are Kanthal resistance wire coiled and cemented between an alundum 

core and outer sleeve. The heater cores are one-inch diameter 

stainless steel, 

A l l  thermocouples are 28-gauge chromel-alumel cemented in to  place 

using Sauereisen. 

specimen spaced along the center l ine,  

Four thermocouples are inserted in to  each test 

The dynamometer i s  a 1-1/2 inch diameter 2-inch long aluminum 

cylinder located between t h e  lower cooler and lower insulation. 

the base of the oylinder semi-conductor steam gauges are attached. 

The basic sensi t ivi ty  of the dynammneter is about 1 millimeter 

displacement on the Sanborn recorder readout for a one-pound load. 

Near 

In order to minimize radiation losses from the test section, 

a radiation shield is provided as shown i n  figure 2, 

The vacuum system consists of a mechanical forepump, a &inch 

diffusion pump with a water-cooled optical baffle, and a three-way 

vacuum valve. Pressures between 5 and loo0 microns of Hg are  read 

with a thermocouple gauge, and the range between 5 microns and 

nun, Hg is read with an ionization gauge. 

The instrument console is  shown i n  figure 3. 

heaters and the pumps is  controlled from the console. 

couple potentiometer, wattmeters fo r  the heaters, and the vacuum 

gauge control are  located on the console a s  are  valves for controlling 

Power fo r  the four 

The thermo- 
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the flows through the four coolers. 

Experimental Procedure 

The apparatus described above was used to  obtain data fo r  

stainless steel contacts i n  a vacuum environment. 

positioned and the test section w a s  aligned under a load of about 

20 psi. 

and a vacuum of a h t  5 x IO-' llpm ~g w a s  attained. w i t h  a m i n b  

interface pressure of 131 psi., a l l  heaters were turned on producing 

an.interface temperature of about 70s' F. 

were allowed t o  outgas f o r  about 36 hours after which there was no 

noticeable change with time of the contact conductance. 

The samples were 

After having aligned the s p e c m a ,  the chamber was closed 

The system and interface 

The outgassing of the  interface having been completed, the 

load w a s  increased in increments, temperature readings were taken. 

About four hours w e r e  required t o  achieve thermal equilibrium i n  

the test section subsequent to  increasing the load. 

The first pair of speciniens were s ta inless  steel having roughness 

but no waviness. 

having waviness but no roughness. 

Stainless Steel Surfaces &I Vacuum 

The second pair of specimens were s ta inless  steel 

The first pair  of surfaces were prepared from 1-1b inch long, 

1-inch diameter type ,Gl6 stainless steel cylinders. 

were ground and lapped t o  produce a f l a t  surface with a roughness 

number of 3. 

be present. 

achieve roughness of about 100 x 10-o inches. 

These cylinders 

The h r f a c e s  were tested and no waviness was found t o  

The surfaces were then blasted with glass  spheres t o  

The result ing surfaces 
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I 

were judged to  have non-directional properties so that any of t he i r  

prof i les  may be considered to be representative of the surface. 

The thermal conductivity of the s ta inless  steel w a s  determined by 

comparison of the tempemat-we gradient i n  s ta inless  steel and armco- 

iron. Over a temperature range of 200 - 600 %’ the conductivity w a s  

found to constant a t  U.S ~ t ~ / h / f i  O F. 

Profi les  of the surfaces were obtained. The height of the 

prof i le  w a s  read fo r  lo00 equally spaced points, and the auto correzation 

function fo r  each prof i le  and i ts  second derivative a t  zero were 

determined by the d i g i t a l  computer. The surface properties were 

determined t o  be: 

al= .lo7 

The number of contact spots per un i t  area were determined graphically 

and is shown i n  figure 4 as Jn? versus compliance. 

The r a t i o  of actual area to  apparent area is shown plotted 

& vs compliance and was determined graphically i n  figure 5 as 

from the profiles. 

In  figure 6 is shown the apparent pressure versus compliance fo r  

This curve was also obtained by graphical means and s ta inless  steel. 

assuming that the asperities were deformed plastically.  

Using these data from figures 4 through 6, the contact con- 

ductance was calculated according t o  equation (2?). 

values and the test data a re  plotted i n  f ignre 7. 

values and the loading test data a re  seen to  agree f a i r l y  w e l l  a t  

The theoretical  

The theoretical  
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the lower loads but deviate considerably a t  the higher loads. 

unloading t e a t  data i s  seen t o  disagree w i t h  theory a t  the low loads 

due t o  the permanent p l a s t i c  deformation of the highest asperities. 

The second pair of specimsns tested were prepared with a 

The 

wavy s y f a c e  having radius of curvature of 1/14 inch and a pitch 

of 1/4 inch. The surfaces were not rough. 

An examination of figure 9 shows very clearly that the 

deformation of the asperities is not completely elastic nor 

colppletely p las t i c  over the ent i re  load range as  assumed by Clausing ( 8 )  

and Fenech (9) respectively. 

asperities i n i t i a l l y  deform plastically,  then a s  the number of 

asperities coming i n t o  contact increases very quickly, the deformation 

tends towards the elastic curve. 

large, a l l  the asperities'begin t o  deform plas t ica l ly  with still  

some e l a s t i c  effect. 

between the two limiting curves for aompletely e l a s t i c  and 

completely p las t ic  deformation. 

The test values indicate tha t  the first 

Finally as the load becomes very 

Over the ent i re  load range the test data f e l l  
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Current Status 

A t  present wavy surfaces having a rougbes a r e  being prepared 

on the four a r t e r i a l s  stainless steel, aluminum, 

brass 

magnesium, and 

The wavy caponent w i l l  be cylixmirical. in sap ,  having a pitc h 

inches. The ruughness of 1/4 inch and a height of about lo00 x 

w i l l  be of the order of 150 x lo-" inches. 

These Bprfaces w i l l  be tested as described under experimental 

procedure and compared w i t h  the theory. 

Soma analytical  work will have to be done t o  better correlate 

the compliance versus tb applied pdssure. Curves w i l l  be 

produced for completely e l a s t i c  defonaation and for  completely 

p las t ic  deformation. 

these two limits and a correction will accordingly be applied to 

the analytical  work. 

The test data is expected to fall between 

-15- 



Proposed Future Uork 

It  is  proposed to try to explain analytically or to 

correlate the elast ic  and plastic deformation of rough f l a t  

surfaces. 

-8 mch as figUre 9 for Sta.h.leB8 s-1 b@ 

prepared for Aluminum aad Magnesium, 

obtained to permit the correlation of the conductance versus load 

wi& proper consideration of the elastic-plastic deformation 

of the surface. 

Test data will alao be 

-14- 
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